Amphiphilic block copolymers provide useful templates for fabrication of nanostructured materials that are appealing for a wide variety of applications. The preparation of polymer-particle hybrid materials requires a good understanding of the chemical nature and topology of the amphiphilic molecules as well as their interactions with the embedded nanoparticles. This article reports a density functional theory ͑DFT͒ for a coarse-grained model of block copolymer-nanoparticle mixtures that is able to account for the properties of particles and copolymers within a self-consistent framework. It predicts various well-organized structures that can be effectively controlled by adjusting the polymer chain length and polymer-particle interactions. Illustrative examples based on relatively short chains suggest that, in qualitative agreement with experiments, large particles tend to be excluded from a polymer brush near a solid substrate, whereas smaller particles may be dissolved. The DFT is able to capture the dispersion of large particles in the microdomain of block copolymer that is energetically favorable, but localization of smaller particles at the microdomain interfaces.
I. INTRODUCTION
A number of recent experiments have demonstrated that amphiphilic block copolymers can be used as templates for the self-organization of nanoparticles. [1] [2] [3] [4] [5] The block copolymer-nanoparticle hybrid materials are thermodynamically stable and may combine the unique features of nanoparticles with flexibility, solubility, and processibility of polymeric materials, promising for applications as the next generation of catalysts, membranes, and optoelectrical devices. The controlled synthesis of such materials requires a good understanding of the influences of copolymer chemical structure and its interactions with nanoparticles on the microscopic morphology and on the underlying phase behavior. However, it remains elusive on how the specific morphology of the composite materials can be effectively manipulated by changing the molecular architecture of block copolymers or the characteristics of nanoparticles such as the relative size and surface energy. For example, atomic force microscopy and neutron reflection measurements revealed that in composite materials made of diblock copolymers of polystyrenepolybutylmethacrylate ͑PS-PBMA͒ and maghemite ͑␥-Fe 2 O 3 ͒ nanoparticles coated with short PS chains, the nanoparticles can be distributed throughout or concentrated in the center of the PS domains that are energetically preferential, or localized at the PS-PBMA microdomain interfaces, all depending on the polymer chain length, nanoparticle size, and concentration. 6, 7 Segregation of small nanoparticles at the lamellar interfaces, but localization of larger nanoparticles at the microdomain centers, was also reported in the thin films of poly͑styrene-b-ethylene propylene͒ block copolymers embedded with mixtures of aliphatic-coated gold and silica nanoparticles. 8 Apparently, partitioning of nanoparticles in block copolymer structures depends on a range of molecular and thermodynamic parameters including the particle size, surface energy, and the microscopic properties of block copolymers. 2, 8 Fabrication of nanoparticle-block copolymer composites will benefit from an insightful understanding of how the characteristics of the constituent components affect the material morphology and related mechanical and thermodynamic properties. Toward that end, Balazs and co-workers proposed a microscopic theory that combines the selfconsistent-field theory ͑SCFT͒ for polymers and a density functional theory for inhomogeneous hard spheres. [9] [10] [11] [12] [13] This hybrid method takes into account the flexibility of polymers and the packing effect of hard particles. It has been successfully used to predict the competition of the particle translational entropy and the copolymer configurational entropy that determines the nanoparticle partitioning within the selfassembled structures of block copolymers. [9] [10] [11] [12] [13] More recently, a number of alternative theoretical methods have been proposed that treat polymers and nanoparticles within different theoretical frameworks. [14] [15] [16] [17] [18] The multiple length scales affiliated with the polymer segments, particle size, and related mesoscopic phase separations make direct application of conventional simulation methods to copolymer-particle mixtures extremely challenging. Nevertheless, a lattice Monte Carlo simulation predicted that small nanoparticles will disperse in the energetically preferred microdomain, while large particles are preferentially located at the microdomain interface of block copolymer. 19 In addition, a recent discontinuous molecular dynamics ͑MD͒ simulation reveals that large nanoparticles tend to concentrate in the microdomain of block copolymers that is energetically preferential. The effect of nanoparticles on the concentration profiles of the polymer decreases with increasing the particle size. 20 These simulation results contrast the predictions of the aforementioned hybrid mean-field theory, which suggest that the nanoparticles are strongly localized, with larger nanoparticles forming a monolayer at the center of the energetically preferred microdomain and smaller nanoparticles forming bilayers at the microdomain interfaces. 9 In this work, we introduce a nonlocal density functional theory ͑DFT͒ that provides a coherent description of polymer-nanoparticle mixtures. Unlike a hybrid method, the DFT accounts for the characteristics of both nanoparticles and block copolymers in a self-consistent manner, i.e., it incorporates the chain connectivity of block copolymers with the segment-level excluded-volume effects and specific energetic interactions within a coherent theoretical framework. For block copolymers, the numerical performance of the DFT has been calibrated in a previous work by direct comparison with results from molecular simulations. 21 We expect that the DFT will also be accurate for mixtures of particles and block copolymers.
In a previous work, 34 we discussed the effects of surface energy and confinement on the structural transition of block copolymers under confinement. The illustrative examples discussed in this work are focused on nanoparticles and block copolymers mixture at similar conditions. By using relatively short chains, we show that the morphology of the hybrid materials can be effectively controlled by adjusting the copolymer-nanoparticle-surface interactions. The thin film morphology is determined by a strong interplay of the surface confinement, surface energy, and particle and polymer sizes.
II. MOLECULAR MODELS
We consider a coarse-grained model for binary mixtures of amphiphilic diblock copolymers and spherical nanoparticles confined between two parallel surfaces. The nanoparticles are assumed to be structureless spheres, whereas the diblock copolymers are represented by tangentially connected spherical beads of the same size but with different energetic parameters. The tangent-sphere-chain model provides a simple representation of the lyophobic and lyophilic components of amphiphilic block copolymers as used in experiments. 22 The solvent-mediated pair interactions among nanoparticles and polymer segments are described by a square-well ͑SW͒ potential,
where subscripts i and j denote a polymer segment or a nanoparticle, ij represents the average interaction energy, and ␥ ij stands for the range of attraction/repulsion. The square-well width parameter is fixed at ␥ = 1.5 throughout this work. 23 For convenience, the polymer block that attracts the nanoparticles is designated as A segment and the other block, which can be either repulsive or neutral to the particle, is designated as B segment; the parameters related to nanoparticles are labeled with subscript P. Because the solvent is treated as a continuous medium, the same model can be equally applicable to solutions and polymer melts. According to this compressible model for polymers and particles, the summation of packing fraction is not normalized and it is much smaller than the volume fraction typically used in a self-consistent-field theory at the same concentration. In most calculations reported in this work, the polymer packing fraction in the thin film is about 0.3, close to that of a melt.
To illustrate the self-organization of block copolymers and partitioning of nanoparticles in different block copolymer domains, we consider relatively short chains ͑the segment number M =8,16,32͒ confined between two planar surfaces, mimicking a thin-film-like structure. While the adoption of short-chain polymer is solely for computational convenience, the DFT is also applicable to long polymers. The particle-to-polymer segment size ratios are assumed equal to 4:1 and 2:1, corresponding to large and small particles. To make the nanoparticles stable in the self-assembled structures of block copolymers, we apply an attractive energy between A segments and the nanoparticles. Besides, the pair potentials between A segments and that between nanoparticles are always attractive, with AA * = PP * = 1.0, where the reduced energy is defined as * = / kT, with k standing for the Boltzmann constant and T for temperature. Conversely, the interactions between B segments and nanoparticles can be either neutral or repulsive. The values of these parameters will be specified later. While the numerical values of the parameters used in this work are selected rather arbitrarily, we expect that the coarse-grained models should be able to capture a number of important features of copolymer-particle mixtures, including the self-assembly of block copolymers, size disparity, chain connectivity, and energy effects.
III. DENSITY FUNCTIONAL THEORY FOR COPOLYMER-PARTICLE MIXTURES

A. Helmholtz energy functional
In our previous publications, 21, 24 we have reported the Helmholtz energy functional for block copolymers of uniform segment diameter. 24 Its extension to polymer/ nanoparticle mixtures is straightforward; we need to consider only the size and energy disparities of polymer segments and nanoparticles. For convenience, the following recaptures the key equations used in our DFT calculations.
For systems containing nanoparticles and block copolymers, the Helmholtz energy consists of an ideal and an excess contributions, given by
where subscript P designates nanoparticles, P ͑r͒ and M ͑R͒ are the density profiles of the nanoparticles and the copolymers, respectively, and R = ͑r 1 , r 2 , ... ,r M ͒ represents a polymer configuration. The ideal part of the Helmholtz energy functional neglects all nonbonded interactions and can be expressed exactly,
In Eq. ͑3͒, V B ͑R͒ represents the direct bond potential, 24 which, for a tangentially connected chain, can be expressed in terms of the Dirac-delta function,
where M denotes the number of segments for each polymeric chain, r represents the segmental position, and ␤ = ͑kT͒ −1 . Equation ͑3͒ holds for polymers with an arbitrary bonding potential.
For the coarse-grained models considered in this work, the excess Helmholtz energy functional includes three contributions,
where hs and chain are the Helmholtz energy densities due to the excluded-volume effects and the intrachain correlations, and F ex att is the Helmholtz energy due to the van der Waals attractions.
The excluded-volume Helmholtz energy takes into account contributions from both the nanoparticles and the polymer segments. According to a modified fundamental measure theory, 25, 26 hs ͓n ␣ ͑r͔͒ is given by
where n ␣ ͑r͒, ␣ =0,1,2,3,V 1 , V 2 , are the weighted densities that are defined by the densities of the particles and block copolymers,
where j ␣ ͑␣ =0,2,3,V 1 , V 2 ͒ are the weight functions. 27 The effect of chain connectivity on the intersegmental correlations is represented by an extended thermodynamic perturbation theory,
where M represents the number of segments per polymer chain, subscript S designates polymer segments, S =1 − n V 2,S · n V 2,S / n 2,s 2 , and y hs ͑ , n ␣ ͒ is the contact value of the cavity correlation function of a hard-sphere reference,
Finally, the van der Waals attraction is represented by the mean-field approximation,
where ij att ͑r͒ is given by Eq. ͑1͒. In a previous work, 21 we have shown that the mean-field approximation is quantitatively accurate for block copolymers near attractive walls.
B. Euler-Lagrange equation
At equilibrium, the molecular density profile M ͑R͒ can be solved by minimization of the grand potential,
where and stand for the chemical potential and external potential, respectively. From the variational principle, the stationary condition of the grand potential satisfies
Once we have the molecular density profile M ͑R͒, the segmental densities of block copolymers can be calculated from
͑13͒
Substitution of Eqs. ͑2͒, ͑11͒, and ͑12͒ into Eq. ͑13͒ yields the Euler-Lagrange equation,
where p ͑r͒ is the density profiles of nanoparticles, and sj ͑r͒ in Eq. ͑13͒ stands for the local density of segment j of copolymers. The self-consistent field is related to the excess Helmholtz energy functional F ex and the external potential for individual segments A and B ,
By combining Eqs. ͑13͒ and ͑14͒, we have a set of coupled integral equations,
͑17͒
that allow us to solve the segmental density profiles. For block copolymers confined between two planar walls, the density distribution of polymer segments varies only in the direction perpendicular to the surface ͑z͒, i.e., si ͑r͒ = i ͑z͒. In this case, the average segmental densities can be simplified to
where G L i ͑z͒ and G R i ͑z͒ are, respectively, the left and right recurrence functions,
with G L 1 ͑z͒ = 1 and G R M ͑z͒ = 1, and i =1,2, ... , M. Unlike that for homopolymers, the left and right recurrence functions for a block copolymer bear no symmetry. This is because the Boltzmann factors exp͓−␤ i ͑z͔͒ are different for segments A and B. [29] [30] [31] By using the standard Picard iteration, we can numerically solve the density profiles from Eqs. ͑15͒, ͑18͒, and ͑19͒. For all conditions considered in this work, the wall symmetry is persevered so that the density profile can be calculated from the reflective boundary condition, i.e., we only need to calculate the results up to half of the film thickness.
IV. RESULTS AND DISCUSSION
We consider, as illustrative examples, the density profiles of particles and polymers in thin films of fixed thickness ͑H =20͒. For computational simplicity, we use a grand canonical ensemble where the chemical potentials of nanoparticles and block copolymers are specified by those corresponding to a bulk solution and the interfacial boundaries are mimicked by two impenetrable walls. Here the bulk solution is introduced solely for defining the chemical potentials of the block polymer and of the particle. We assume that, in the bulk phase, the total packing fraction of the particles and polymers is fixed = 0.11. Following previous experiments, 32, 33 we assume further that the packing fraction of the block copolymer is one order of magnitude smaller than that of the nanoparticles, i.e., the packing fraction of polymer in the bulk is 0.01 and that of the particle is 0.1. Whereas the phase behavior of the bulk solution is interesting in its own right, this work is concerned only with the distributions of block copolymers and particles in a confined geometry. Because the chemical potentials are used as the input parameters, the structural ordering in the bulk will not affect the calculated results for the confined systems.
Even though the DFT is applicable to more complicated morphologies, we restrict our discussion to the situations where the density varies only in the z direction for the simplicity of numerical calculations. In that case, the microstructure and morphology of the copolymer-nanoparticle film can be effectively represented by one-dimensional density profiles of the particles and polymer segments. As discussed by Balazs and co-workers, more complicated morphologies are likely to occur even at thin film conditions. [9] [10] [11] [12] [13] Figure 1͑a͒ shows the layer-by-layer structures of nanoparticles and the reduced density profiles of A / B blocks at a film thickness H =20. Throughout this work, the reduced density is defined as the local density under confinement divided by the density of the corresponding species in the bulk. Here each polymer consists of eight segments, four for A block and four for B block. The diameter of the nanoparticle is four times that of a polymer segment, i.e., p =4. The A segments are strongly attractive to the nanoparticles ͑with AP * =5͒ whereas the B segments are neutral ͑ AB * =0, BB * = 0, and BP * =0͒. The confining surfaces are simply represented by hard walls, i.e., there is no attraction between the surface and nanoparticle or polymer segments.
Unlike the oscillatory structure of randomly packed particles, the density profile of the nanoparticles exhibits strong peaks of approximately equal magnitude, suggesting a crystal-like structure. The segmental density profiles of copolymer indicate that most A segments are distributed in the interstices amid the multilayers formed by the nanoparticles, while the B segments are located in the vicinity of intralayers. Intuitively, the organization of nanoparticles can be un-derstood as the "glue" effect of the A segments. Figure 1͑b͒ visualizes the layer-by-layer structure of the copolymernanoparticle mixture.
The structure of nanoparticle-copolymer mixtures is affected not only by the interaction between the particles and the A segments, but also by that between the particles and the B segments. To illustrate the effect of the different interactions between the particles and the B segments on the microscopic structure, we modify the interaction energies from neutral ͑ BP * =0͒ to slightly repulsive ͑ BP * =−1͒ while keeping all other parameters unchanged. Figure 1͑c͒ shows that highly organized layering structures are also observed for both nanoparticles and copolymers, but in this case a monolayer instead of multilayers of nanoparticles appears near the surface. Even for the same nanoparticles and copolymers, the single and multilayer structures exhibit starkly different properties. The density profile for A segments presents a valley at z =6 and two peaks at z = 4 and 8, suggesting that the nanoparticles are orderly dispersed in the center of the A microdomain that is energetically favorable. The thin film morphology, as depicted schematically in Fig. 1͑d͒ , closely resembles that of an experimentally prepared nanocomposite membrane consisting of poly͑styrene-b.-2-vinylpyridine͒ diblock copolymers and nanoparticles recently reported by Chiu et al., 2 where the modified nanoparticles were dispersed within the favorable microdomain of copolymers.
We find that the transition between the multilayer and monolayer structures is intermediated by an amorphous phase as the energy between the nanoparticles and B segments BP * is varied continuously. Figure 2͑a͒ shows the average packing fraction of nanoparticles in the thin film as a function of BP * . For copolymers with a slightly repulsive B block ͑− BP * Ͻ 0.3͒, the morphology of the thin film remains a multilayer crystalline structure ͓see Fig. 1͑b͔͒ and the average packing fraction of particles within the film is relatively insensitive to BP * . Increasing the repulsion leads to a sharp decline of the total particle density and the thin film exhibits an amorphous structure. Figure 2͑b͒ shows the density profiles of polymeric segments and nanoparticles in an amorphous structure at BP * = −0.5. Apparently, the density profiles of polymeric segments are the same as that shown in Fig. 1͑c͒ . However, the nanoparticles mainly disperse within the energetically favorable microdomain rich in A segments, and a small fraction of nanoparticles also distribute in the unfavorable microdomain rich in B segments. Beyond − BP * = 0.9, a highly organized monolayer of nanoparticles ͓see Fig. 1͑d͔͒ emerges, and interestingly the average density of the nanoparticles slightly increases with the repulsion from the B segments. Figure 2͑a͒ suggests that by altering the energetic properties of B segments, one can effectively control the structure of the thin film ranging from highly com-FIG. 1. Self-organization of nanoparticles ͑with diameter p =4͒ by short-chain block copolymers consisting of A / B segments ͑chain length M =8͒. ͑a͒ and ͑c͒ give the reduced density profiles of the polymeric segments and of the nanoparticles confined within a thin film of thickness H =20. ͑b͒ and ͑d͒ visualize the corresponding structures. In ͑a͒ and ͑b͒, B segments are neutral to the nanoparticles, while in ͑c͒ and ͑d͒ B segments repel the particles. In both cases, the packing fraction of the polymer in the bulk is 0.01 and that of the particle in the bulk is 0.1. The energy parameters are AA * = PP * = 1.0, AP * =5, and AB * =0, and the wall energies are zero. In ͑a͒ BB * = 0 and BP * = 0, while in ͑c͒ BB * = 1.0 and BP * = −1.0.
144912-5
Model of nanoparticle-block copolymer mixtures J. Chem. Phys. 126, 144912 ͑2007͒ pacted multilayer to amorphous to ordered monolayer, emphasizing on the distribution of nanoparticles. Recent experiments suggest that the distribution of nanoparticles within a copolymer matrix can be effectively controlled by the molecular weight of polymers or the polymer/ nanoparticle size ratio. 8, 35 To investigate the size effect, we calculate the microstructures of the same confined copolymer-nanoparticle mixtures as considered above but the length of block copolymers is doubled. Figure 3͑a͒ shows the reduced density profiles of the mixture at the conditions identical to those used in Fig. 1͑a͒ except that the polymer chain length is doubled ͑M =16͒. Because of the strong attraction due to the A segments, the nanoparticles are essentially buried in the microdomain rich in A. Unlike that shown in Fig. 1͑a͒ , the density profile of nanoparticles does not exhibit a well-organized multilayer structure. Instead, they are primarily accumulated at the center of the thin film. In the presence of repulsion from the B segments, however, the particles are pushed to the surface due to the depletion attractions. Figure 3͑a͒ shows that the nanoparticles are embedded in the A domain, but the polymer is depleted at the position of nanoparticles. In addition, we observe a small portion of B segments in the domain of nanoparticles. If the B segments repel the nanoparticles, Fig. 3͑b͒ indicates that the nanoparticles are pushed toward the substrate. A close comparison of the segmental density profiles shown in Figs. 3͑a͒ and 3͑b͒ reveals that the repulsion between the nanoparticles and B segments results in a more complete microphase separation of the block copolymers. In the absence of repulsion from the B segments, the particles experience a steric repulsion from the surface due to the adsorption of A segments. Figures 3͑c͒ and 3͑d͒ visualize the ordered structures of nanoparticles and lamellar copolymers near the substrate.
In addition to the properties of particles and polymers, the surface energy may exert strong effect on the structures of composite thin films. To explore such effect, we consider diblock copolymers near biased surfaces that are attractive to one of the polymer blocks but neutral to the other block. Similar ideas have been proposed in experiments for the fabrication of novel semiconductor materials and electronic chips.
36-39 Figure 4 presents the density profiles of a copolymer-nanoparticle mixture near a surface that is biased toward the A segments by an attractive potential,
where z is the perpendicular distance from the surface 40 and the energy parameter is assumed as WA = 5 kT. As in the above investigations, the size ratio of particles to polymer segments is set to 4.0, and the reduced interaction energy between like pairs is treated as unity. The interaction between the nanoparticles and segments A is assumed as AP = 2 kT and the particle is neutral to B segments. Although the repulsion between A and B segments is not necessary for microscopic phase segregation, we added a weak repulsion ͑ AB = −0.5 kT͒ between segments A and B to enhance the microphase separation of AB blocks. Figure 4 shows that as expected, most A segments are accumulated near the substrate. Due to the large excluded volume, nanoparticles do not accumulate near the substrate that is rich in A segments. The exclusion of nanoparticles near an attractive wall has been discussed by Kim and O'Shaughnessy 36 in investigating the selectivity of nanoparticles near a polymer brush. Because of the attraction from the A segments, the nanoparticles are dispersed within the microdomain rich in A far from the surface. This ordered structure resembles that reported in a recent experiment in which gold nanoparticles are distributed on the top of tethered polymers. 41 Figure 4shows that due to the strong packing effect, the density profile of A segments exhibits a strong secondary peak at z = 1.5. It was pointed out by Kim and O'Shaughnessy 36 that by decreasing the size, nanoparticle may penetrate into the microdomain near the substrate. To reproduce such effect, we present in Fig. 5 the density profiles of particle/copolymers near the surface at the same conditions as those in Fig. 4 except that the size ratio of nanoparticles to polymer segments is reduced to 2.0. Because of the strong attraction between the surface and A segments, the block copolymers form a brushlike structure. We find that the density profile of the nanoparticles exhibits a significant peak at z / = 2, suggesting that smaller nanoparticles can indeed enter into the microdomain near the substrate. Interestingly, the major peak far from the substrate is split into two smaller ones, indicating a bimodal distribution of nanoparticles. Figure 6 shows that when the copolymer chain length is doubled while all other conditions are kept the same, the small particles are mainly located at the microdomain interfaces. In this case, the density profile of nanoparticles exhibits peaks only at z / = 3 and z / = 9. Based on Figs. 4 and 6, we conclude that large nanoparticles prefer to concentrate in the center of the microdomain that is energetically favorable but the small nanoparticles intend to locate at the microdomain interfaces of the block copolymer. Qualitatively, these results are in agreement with the experiments from neutron reflection for nanoparticle/copolymer hybrid films. 6 We should mention that the results discussed above strongly depend on the surface energy of the confining walls responsible for the entry of nanoparticle/copolymer into the confinement. When the surface attractive energy is removed, the brushlike structure disappears. Figure 7 presents the density profiles of a copolymernanoparticle mixture near a surface that is biased toward B segments, with an attractive potential represented by Eq. ͑22͒, where WB = 5 kT and all other parameters are the same as those used in Fig. 3͑b͒ . As expected, most B segments are accumulated near the substrate, and because of the attraction from the A segments the nanoparticles are dispersed within the microdomain rich in A segments. Namely, the " BAABBAAB" film was formed. Figure 7͑b͒ depicts a similar structure except that the length of copolymers is doubled. In this case, the ordered "BAAB" structure is similar to that presented in Fig. 4 except the inverse of microdomains denoted by segments A and B due to the change of the surface preference. Compared with Fig. 7͑a͒ , the increase in the chain length leads to not only the increase of microdomain size, but also the redistribution of nanoparticles. The nanoparticles are located around the position z =7 for the polymer of M = 16, but they are located around z =10, i.e., the center between two surfaces, for the polymer of M = 32. Figure 7 illustrates that the distribution of nanoparticles can be effectively controlled by changing the molecular weight of block copolymers.
V. CONCLUSIONS
We reported a density functional theory ͑DFT͒ for nanoparticle/block copolymer mixtures within the coarse- grained models. The Helmholtz energy functional consists of an ideal-chain contribution and an excess contribution accounting for the excluded-volume effects, the short-range attraction/repulsion, and the intrachain correlations. Even though the calculations are focused on relatively short chains and small particles, it appears that the DFT is able to capture various important parameters affecting the microscopic structure of nanoparticle/copolymer mixtures within a coherent theoretical framework. It promises a direct connection between the molecular characteristics of nanoparticles and copolymers, including chain length, surface energy, polarity, and a variety of chemical details of copolymers.
The focus of this work is to introduce DFT as a new theoretical approach for modeling particle-polymer mixtures and the illustrative examples are limited to the systems containing short chains at thin film conditions. By examining the interactions between nanoparticles and the individual blocks of the copolymers, we observed that the ordered structure of the nanoparticle/copolymer hybrids might change from the "crystal-like" multilayer to amorphous structures and to monolayers. Furthermore, by adjusting the chain length of copolymers, we demonstrated that the nanoparticles can be efficiently controlled within various microstructures of block copolymer thin films. The phase behavior of block copolymer-nanoparticle mixtures in the bulk entails various microscopic phases due to the self-assembly of block copolymers. We envision that application of DFT to such systems will be fruitful. The phase behavior of block copolymer-particle mixtures in the bulk will be addressed in the future work.
